Introduction {#Sec1}
============

In India, grape is one of the most important fruit crop covering an area of 60.2 thousand hectares with total production of 1,546 thousand metric tonnes. The major grapes growing states in India are Maharashtra, Karnataka, Andhra Pradesh, Tamil Nadu, Punjab, Haryana, Western Uttar Pradesh, Rajasthan and Madhya Pradesh. India is also exporting grapes to more than 50 countries. (Anonymous [@CR2]).

Grapes are attacked by a number of fungal diseases such as anthracnose (*Elsinoe ampelina)*, downy mildew (*Plasmopara viticola*), powdery mildew (*Uncinula necator*), botrytis rot/grey mould (*Botrytis cinerea*), dead arm (*Phomopsis viticola*), black rot (*Guignardia bidwelli*), rust (*Phakopsora vitis*), leaf blight and bunch necrosis (*Alternaria alternata*), bacterial leaf spot (*Xanthomonas campestris*), etc., which spoil the quality and yield of grapes (Pearson and Goheen [@CR10]; Sendhilvel et al. [@CR11]). To control these diseases fungicides such as triadimefon, chlorothalonil, Topsin-M, benomyl, calaxin, mancozeb, metalaxyl, and sulphur dusting are recommended (APEDA [@CR3]). These fungicides are persistent and leave residue on the grapes; therefore, a number of consignments are rejected suggesting a need for low dosage, safe and biodegradable fungicides.

In this paper we report the persistence of azoxystrobin (methyl (*E*)-2-{2-\[6-(2-cyanophenoxy) pyrimidin-4-yloxy\] phenyl}-3-methoxyacrylate), a new synthetic biodegradable strobilurin fungicide launched by Syngenta India Ltd. It was first marketed in 1998 and is a systemic, broad-spectrum fungicide with activity against the four major groups of plant pathogenic fungi including *Ascomcetes* (e.g., powdery mildews), *Basidiomycetes* (e.g., rusts), *Deutoromycetes* (e.g., rice blast) and *Oomycetes* (e.g., downy mildew) (Bartlett et al. [@CR4]; Anand et al. [@CR1]). It is absorbed through the roots and translocated in the xylem to the stems and leaves, or through leaf surfaces to the leaf tips and growing edges. The mode of action is by inhibition of mitochondrial respiration in fungi. It inhibits spore germination, mycelial growth, and spore production of fungi. It is active at very low doses against a wide range of fungal pathogens. Laboratory studies show that azoxystrobin is moderately persistent in soil in the absence of light and moderately mobile in soil profile. It has been reported that in field trials azoxystrobin on grapes disappeared quite slowly (t~1/2~ = 15.2 days) (Cabras et al. [@CR6]; Cabras and Angioni [@CR5]; Lentzarizos et al. [@CR9]). It is more persistent in the aerobic soil than the anaerobic soil with half-life values of 107.47 and 62.69 days, respectively. As there is not much information available on the persistence of azoxystrobin in crop plants, especially under tropical climate, therefore, the present investigation on persistence of azoxystrobin was studied in/on grapes in different states of India namely Karnataka, Maharashtra and Tamil Nadu, during the year 2006--2007.

Materials and Methods {#Sec2}
=====================

Azoxystrobin (96.2% purity) and its formulation (SC 250 g L^−1^) were provided by Rallis India Ltd. The analytical grade solvents were procured locally.

The field experiments were conducted on farmer's field in Maharashtra, Karnataka and Tamil Nadu, India. Details of location and crops are given in Table [1](#Tab1){ref-type="table"}. All the experiments were conducted in a randomized block design with three replications, with ten vines in each field. All the agronomic practices except plant protection measures were followed. The crops were sprayed with azoxystrobin @ 150 g ai ha^−1^ (recommended dose) and 300 g ai ha^−1^ (double the recommended dose) five times at an interval of 15 days from the starting stage (\~2 months after pruning) with a high volume knapsack sprayer. No other crop protection measure was used in the experimental plots. Fields without application of azoxystrobin were treated as control.Table 1Experimental details of three grapes growing locations selected for the study in IndiaDetailMaharashtraKarnatakaTamil NaduPlaceSongaon, Baramati Dist. PuneSinganayakanahalli, BangaloreMattipalya, Sonnanur, CoimbatoreSeasonJanuary--MarchSeptember--NovemberSeptember--OctoberVarietyThomson seedlessBangalore blueMascotSoilMedium to heavySandy loamSandy loam

The samples of grape berries and soils from the treated plots were withdrawn at different time intervals after 5th spray (0 (2 h), 3, 7, 14 and 21 day). The representative samples of grape berries plucked from 4 to 5 vines from each plot were pooled and mixed well and 200 g of the sample was withdrawn by quartering method for analysis. Soil samples were withdrawn from the treated plots using soil auger from the plough layer (15 cm) from 5 to 6 places. The soil samples were pooled, mixed well and about 250 g of the representative sample was drawn by quartering method and were packed in dry ice. Before extraction the samples were removed from dry ice and allowed to attain room temperature. The soil samples were dried at room temperature under shade, ground, passed through 2 mm sieve and a representative 20 g sample was taken for analysis. Similarly, a representative 50 g sample of grape berries was drawn by quartering method for residue analysis.

Twenty gram of the withdrawn soil sample was shaken with acetone in a rotary shaker at 160 rpm for 30 min and was further allowed to remain with the extraction solvent for 1 h. The supernatant was passed through anhydrous sodium sulphate column. The extraction was repeated twice again with 25 mL portions of acetone. The organic solvent fractions from these extractions were combined and the solvent was removed by using rotary flash evaporator. The residue was re-dissolved in hexane and analyzed by gas liquid chromatography (GLC).

A representative 50 g sample of grape berries was blended with 50 mL (three times) acetone in a blender and filtered through Whatman filter paper No.1. The acetone extract was evaporated to near dryness (5 mL) using rotary vacuum evaporator and diluted with 50 mL of saturated sodium chloride solution and partitioned thrice into hexane (3 × 50 mL). Hexane layer was discarded and lower aqueous layer was partitioned with dichloromethane (3 × 50 mL). The dichloromethane fractions were combined and passed through anhydrous sodium sulfate and the solvent was removed by using rotary flash evaporator.

The co-extractives from grape and soil samples were removed by adsorption column chromatography using neutral alumina as adsorbent. Glass column (50 × 2.5 cm i.d.) was packed with a slurry of neutral alumina (10 g) in n-hexane, in between two 2-cm layers of anhydrous sodium sulfate. The packed column was eluted with 50 mL of distilled n-hexane. The concentrated dichloromethane extracts of soil and grape berries were quantitatively transferred on to the column using small portions of n-hexane. The column was first eluted with a mixture of acetone: hexane (95:5 v/v, 50 mL) to remove the non polar impurities and then eluted with acetone:hexane (80:20 v/v, 150 mL). Fractions obtained by eluting column with acetone:hexane (80:20 v/v) were combined and solvent was removed by rotary evaporator. The residue was dissolved in acetone and analysed by GLC.

The samples were analyzed on a Varian CP-3800 gas chromatograph equipped with electron capture detector (ECD) and CP-Sil 5 CB capillary column (25 m × 0.25 mm id × 0.25 μm film thickness). The oven, injector and detector temperatures were maintained at 290, 300 and 300°C, respectively, and the flow rate of the carrier gas (nitrogen) was maintained at 2 mL min^−1^. The injection volume was 1.0 μL with spit ratio of 1:50. The retention time for azoxystrobin under above GLC condition was 2.98 min.

The residue data was subjected to first order kinetics (C~t~ = C~o~ e^−kt^), where C~t~ is concentration after a lapse of time 't'; C~0~ is apparent initial concentration and 'k' is the dissipation constant. Half-life values were calculated from regression equation using the formula (T~1/2~ = 0.693/K) and waiting period (T~tol~) from regression equation (T~tol~ = (Log C~0~ -- Log C~t~)/K).

Results and Discussion {#Sec3}
======================

The grape berries and soil samples collected at different time intervals after 5th spray were analysed for the presence of residues of azoxystrobin by gas liquid chromatography using electron capture detector.

A gas liquid chromatography method for analysis of azoxystrobin in soil and grape samples was standardised using electron capture detector with response factor of 4,618,500 μV per μg. The limit of detection and limit of quantification of azoxystrobin was found to be 5 ng g^−1^ and 10 ng g^−1^, respectively. The method was found to be accurate and reproducible. The recovery of azoxystrobin from grapes and soils fortified at 0.01, 0.10 and 1.00 μg g^−1^ levels were found to be 89.25 ± 2.77, 92.66 ± 5.15, 89.08 ± 3.14, and 98.25 ± 1.72, 98.98 ± 1.52, 97.84 ± 5.39 per cent, respectively.

The average initial deposits on grape berries at different locations following application of azoxystrobin varied from 0.83 to 0.88 μg g^−1^ and 1.13--1.71 μg g^−1^ at recommended and double the recommended dose, respectively (Table [2](#Tab2){ref-type="table"}). Slight variations in initial deposits were observed in the recommended and double the recommended dose. This variation may be due to difference in plant growth related to the varieties of grapes and locations. The residues of azoxystrobin dissipated with time. In the 7-day samples 0.62 and 1.19 μg g^−1^ residues of azoxystrobin were detected at recommended and double the recommended dose, respectively, which is approximately loss of 45--68%. In the 14-day samples 0.41 and 0.93 μg g^−1^ residues of azoxystrobin were detected, amounting to a loss of 59--83% (Table [3](#Tab3){ref-type="table"}). After 21 days, no residues were detected at the recommended rate of application; whereas, 0.03--0.07 μg g^−1^ residues of azoxystrobin were detected at double the recommended dose. The residue was found to be less than the prescribed MRL (0.5 mg kg^−1^).Table 2Persistence of azoxystrobin in grape berries at three selected locations in IndiaLocationDose (g ai ha^−1^)Residues (μg g^−1^)Days after application0371421Karnataka1500.83 ± 0.05^a^0.62 ± 0.02 (29.5)^b^0.41 ± 0.03 (68.2)0.27 ± 0.02 (83.0)ND (100)3001.71 ± 0.121.19 ± 0.04 (11.5)0.93 ± 0.04 (45.2)0.68 ± 0.03 (59.2)0.03 ± 0.01 (96.8)Maharashtra1500.88 ± 0.110.62 ± 0.02 (25.3)0.28 ± 0.05 (50.6)0.15 ± 0.02 (67.5)ND (100)3001.57 ± 0.101.39 ± 0.30 (30.4)0.86 ± 0.01 (45.6)0.64 ± 0.10 (60.2)0.05 ± 0.01 (98.2)Tamil Nadu1500.86 ± 0.060.66 ± 0.03 (23.3)0.38 ± 0.02 (55.8)0.18 ± 0.03 (79.1)ND (100)3001.13 ± 0.110.81 ± 0.04 (28.3)0.52 ± 0.04 (54.0)0.28 ± 0.03 (75.2)0.07 ± 0.01 (93.8)*ND* not detectable^a^Standard deviation^b^Figure in parentheses represents % dissipationTable 3Calculated half life, waiting period, regression equation and correlation coefficient (r) of azoxystrobin when applied at recommended and double doseLocationDose (g ai ha^−1^)Regression equation \[Y = a -- bX\]rHalf-life (days)Waiting period (days)Karnataka150Y = −0.102--0.034 X0.997.05.9300Y = −0.079--0.043 X0.978.98.8Maharashtra150Y = −0.072--0.056 X0.985.44.1300Y = −0.195--0.029 X0.9710.417.1Tamil Nadu150Y = −0.055--0.049 X0.996.15.0300Y = −0.040--0.043 X0.997.07.9MRL = 0.5 mg kg^−1^

The residue data was subjected to rate kinetics and half-life was calculated. It followed first order rate kinetics. The calculated half life, waiting period, regression equation and correlation coefficient of azoxystrobin at recommended and double the recommended dose is given in Table [3](#Tab3){ref-type="table"}. The half life varied from 5.4 to 11.2 days with significant correlation coefficient (r \> 0.97).

The rate of dissipation (T~1/2~) of azoxystrobin was 5.4--8.9 days at recommended dose (150 g ai ha^−1^) and 7.0--10.4 days at double the recommended dose (300 g ai ha^−1^). Dissipation of azoxystrobin in grape berries at various locations in India followed the order Maharashtra (T~1/2~ 5.4 days) \> Tamil Nadu (T~1/2~ 6.1 days) and Karnataka (T~1/2~ 7.0 days) at recommended rate of application (Table [4](#Tab4){ref-type="table"}). The difference in dissipation at various locations may be due to the different weather conditions and the growth parameters of different varieties of grapes grown at these locations. A waiting period varying from 4.0 to 5.9 days and 7.9 to 17.1 days was calculated for the recommended and double the recommended rate of application, respectively. Based on these data a waiting period (Post harvest interval, PHI) of 7 days for the recommended rate of application on grapes is suggested under Indian climatic conditions.Table 4Dietary exposure to azoxystrobin through grapesLocationDose (g ai ha^−1^)Dietary exposure (mg per person per day)Days after application0371421Karnataka1500.083 (0.92)^a^0.062 (0.68)0.041 (0.46)0.027 (0.30)--3000.171 (1.90)0.119 (1.32)0.093 (1.03)0.068 (0.75)0.003 (0.03)Maharashtra1500.088 (0.98)0.062 (0.69)0.028 (0.31)0.015 (0.17)--3000.157 (1.74)0.139 (1.54)0.086 (0.96)0.064 (0.71)0.005 (0.06)Tamil Nadu1500.086 (0.96)0.066 (0.73)0.038 (0.42)0.018 (0.20)--3000.113 (1.26)0.081 (0.90)0.052 (0.58)0.028 (0.31)0.007 (0.08)^a^Figures in parentheses denotes % of ADI per person

The dietary exposure studies were conducted based on residues present in grapes at different sampling intervals. The ADI value of 0.18 mg kg body weight for azoxystrobin was taken from literature (FAO [@CR7]). Similarly, average per capita consumption of fruits (grapes) was taken as 100 g per person per day (FAO [@CR8]). Maximum permissible intake (MPI) or ADI per person was calculated by multiplying ADI × average body weight (50 kg) and worked out to be 9 mg azoxystrobin per person per day. The dietary exposure was calculated by multiplying residue level at particular day sample with average per capita consumption of fruits. The maximum dietary exposure values ranged from 0.083 to 0.171 mg per person per day for initial deposits (0 day samples) which accounts for 0.92--1.90% of permissible intake of 9 μg azoxystrobin per person per day (Table [4](#Tab4){ref-type="table"}). Since dietary exposure never exceeded 2% of ADI, the grape berries could be considered safe for human consumption on the day of application even at double the recommended rate of application.

The residues of azoxystrobin were estimated in field soil following foliar application on grape vines. The initial deposits in the field soil varied from 0.55 to 0.65 μg g^−1^ and 0.86 to 0.99 μg g^−1^ following application of azoxystrobin @ 150 g ai ha^−1^ and 300 g ai ha^−1^, respectively (Table [5](#Tab5){ref-type="table"}). The residues dissipated with time, after 7 days of application 0.19--0.29 μg g^−1^ residues were detected at the recommended rate, which amounts for 53--70% loss. After 14 days of application, 0.14--0.20 μg g^−1^ residues were detected at the recommended rate of application. However, no residues of azoxystrobin were detected after 21 days of application. The dissipation of azoxystrobin followed first order rate kinetics (r \> 0.8). The estimated average half-life was found to be 7.5 days at recommended dose and 8.1 day at double the recommended dose. Similarly, there was not much difference in rate of dissipation of azoxystrobin from soils collected from three different locations. The average half-life was 7.5, 7.9 and 8.1 days in soils collected from Karnataka, Maharashtra and Tamil Nadu, respectively.Table 5Persistence of azoxystrobin in grape field soils (after 5th spray) at three locations with calculated half lifeLocationDose (g ai ha^−1^)Residues (μg g^−1^)Half-life (days)Days after application0371421Karnataka1500.65 ± 0.05^a^0.45 ± 0.060.29 ± 0.040.16 ± 0.02ND7.03000.88 ± 0.020.59 ± 0.030.39 ± 0.040.25 ± 0.01ND7.9Maharashtra1500.55 ± 0.010.23 ± 0.010.19 ± 0.010.14 ± 0.02ND7.63000.86 ± 0.030.38 ± 0.030.26 ± 0.030.21 ± 0.03ND8.1Tamil Nadu1500.59 ± 0.050.42 ± 0.040.28 ± 0.030.20 ± 0.01ND7.13000.99 ± 0.110.70 ± 0.030.45 ± 0.030.25 ± 0.02ND9.1*ND* not detectable, Limit of Quantification---0.01 μg g^−1a^Standard deviation

The residues of azoxystrobin detected in grape berries from three different locations subjected to dietary exposure studies revealed its safety to the consumers. However, for regulatory purposes, a waiting period or PHI (Post harvest intervals) of 7 days has been recommended. No buildup of azoxystrobin residues was observed in the field soil. Thus, azoxystrobin could be recommended for use for the management of diseases in grapes.

The study suggests that when azoxystrobin was applied at the recommended and double the recommended rate of application, no residues were detected at harvest in grape berries. Thus, the application of azoxystrobin was found to be safe from the consumer's point of view as well as for export purposes.
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